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Polyploidy is frequently found in agricultural and horticultural crops because it allows increased genetic variation and often possesses properties superior to their diploid counterparts (Van Laere et al. 2011) . Through gene-dosage and epigenetic effects, together with nuclear enlargement, polyploidy causes genetic changes that result in pronounced phenotypic alterations (Comai 2005; Sun et al. 2009; Van Laere et al. 2011; Allario et al. 2013; Hao et al. 2013) . Morphological effects commonly associated with polyploidy are bigger flowers, an altered leaf length-to-width ratio and changes in size and density of stomata (Sun et al. 2009; Van Laere et al. 2011; Trojak-Goluch, Skomra 2013; Tan et al. 2015) . Other frequently occurring characteristics include darker-coloured green leaves and a more compact growth habit (Kermani et al. 2003; Liu et al. 2007; Allario et al. 2011) .
Most apple cultivars are diploids (2n = 2x = 34). Nevertheless, triploid cultivars (2n = 3x = 51) do exist; their use dates back at least to the 17 th century when natural triploids were selected for their high yield and large fruit size (e.g. cv. 'Gravenstein'). The beneficial characteristics of triploid fruit are also supported by their relatively high occurrence. For example, a study by Pereira-Lorenzo et al. (2006) found that 29% of the local cultivars in northern Spain are triploid. A study (Defra 2010) at East Malling Research (East Malling, UK) also showed that out of 2,165 apple accessions in the Defra National Fruit Collection, 304 (14%) were triploid, although the frequency of polyploid formation in flowering plants is only about 0.001% (Comai 2005) . Tetraploids are more rare in apple, however; they are mainly artificially created and used by breeders as a means to develop triploid genotypes (Vaarama 1946; Sedysheva, Gorbacheva 2013; Sedov et al. 2014) .
Notwithstanding existing literature (Xue et al. 2015) , still little is known about the successful creation and morphological alterations of artificially induced polyploid apple plants. This study aims at inducing genome doubling in several genotypes to investigate the potential role of polyploidy in the response of Malus × domestica to biotic and abiotic stress. In a later phase, the tetraploids will be used as breeding material to create triploid varieties. The work presented here focuses on the polyploidization event of two different diploid Malus × domestica genotypes and compares morphological and physiological characteristics of the newly created tetraploids to their diploid predecessors.
MATERIAL AND METHODS
Plant material and polyploidization. Two apple genotypes were polyploidized: the commercial cv. 'Gala' and the genotype coded G40 from the breeding germplasm of Better3fruit (Belgium). Tetraploid plants were obtained after chromosome doubling in tissue culture by stirring axillary buds (3-4 mm) during 2 days in a MS multiplication medium based on Dobránszki et al. (2000) supplemented with colchicine (10 mM). Obtained tetraploid and diploid control plants were rooted in vitro and finally acclimatized in the greenhouse. Ploidy analyses were performed after induction of polyploidy in tissue culture and, as a second control, on the rooted greenhouse plants on a flow cytometer Cyflow Space (Partec, Münster, Germany) as described by Dhooghe et al. (2009) .
Plant material for morphological characterization. After ex vitro acclimatization own-rooted di-and tetraploid 'Gala' ('Gala'-2x and 'Gala'-4x, respectively) and G40 (G40-2x and G40-4x, respectively) plantlets were transferred to a 2 l container with ready-made soil (DCM Pepi 3, Grobbendonk, Belgium) and grown for 10 months under controlled greenhouse conditions: day/night temperature 18/14°C and day/night relative humidity 70/60%; additional lighting (120 μmol/m²·s when daylight intensity < 457 μmol/m²s). Shortly after winter dormancy (2 months outside the greenhouse), the plants were cut back to three buds above ground and transferred again to the mentioned greenhouse conditions. After budburst, one shoot per plant was left to grow for 47 days until the start of the experiment.
Shoot growth parameters. Six plants per genotype and per ploidy level were used to determine length and diameter at the base and top of the main shoot at 47, 53, 60, 72 and 87 days post budburst (dpb). Using the Smalian's sectional volume (SV, cm³) formula, the stem volume of the shoot was calculated (Achten et al. 2010) :
where: A 1 -area of the shoot base based on the base diameter (cm²); A 2 -area of the shoot top based on top diameter (cm²); L -shoot length (cm) Shoot length at the different time points followed a linear increase, therefore elongation rates were determined by the slope of the linear regression line.
Leaf parameters. Mean leaf area was determined from digital photographs using an in-house developed image analysis software for all mature leaves of three plants per genotype and per ploidy level.
Mature leaves were fixed for microscopic analysis and stored in a 10/5/50 vol. % solution of Formalin-Acetic-Alcohol (FAA) until analysis. Hand-cut transverse sections were stained in a 0.5% Safranin O solution for 10 seconds. Images were taken with a light microscope (Olympus BX 40 with Colorview Soft Imaging System camera, Aartselaar, Belgium) and analysed using the UTHSCSA ImageTool (http://compdent.uthscsa.edu/dig). Thickness of all leaf cell tissues was determined in one fully matured leaf per plant using four plants per genotype and per ploidy level.
Leaf colour was measured with a portable spectrophotometer (CM-700d, Konica-Minolta, Zaventem, Belgium). Colour is represented through L* (luminosity), a* and b* (colour-opponent dimensions, red to green and yellow to blue, respectively) values (three measurements per leaf on two mature leaves per plant on five own-rooted trees per genotype and ploidy level).
Stomatal characteristics were determined using Jones' (2013) nail-varnish method (micro relief method); three epidermal imprints were taken of one fully matured leaf for three plants per genotype and ploidy level. Stomatal density was determined by counting the number of stomata under a light microscope (Olympus BX 40 with Colorview Soft Imaging System camera). Guard cell length was determined for 10 stomata per epidermal strip on one microscopic field. Stomatal area was calculated using the area formula of an ellipse (A, µm²):
where: L -guard cell length (µm); W -guard cell width (µm)
Chlorophyll a, b and the total carotenoid content were spectrophotometrically determined according to Wellburn (1994) . Pigments were measured on the same leaves used for the spectrophotometric analysis.
The difference in cell number between di-and tetraploid plants of own-rooted 'Gala' and G40 plants was determined as a ratio of nuclei counted in the diploid and tetraploid plants. Cells were counted on a flow cytometer. Samples were prepared as described by Dhooghe et al. (2009) . From 3 plants, leaf discs of 4 mm diameter were taken in 10 biological replicates and the weight per disc was determined. For the diploid plants, two discs of the same young leaf were used: one in a separate sample to evaluate the number of dividing cells and one in a pooled sample combining leaf discs from both ploidy levels. By subtracting the percentage of dividing diploid nuclei from the total number of nuclei in the tetraploid peak measured in the pooled sample, a ratio of diploid nuclei/g FW (fresh weight) over tetraploid nuclei/g FW can be determined per leaf.
Statistical analysis. Statistical analyses were performed in JMP Pro®, Version 11. Data were subjected to a one-way analysis of variance (ANO-VA). Main and interaction effects were determined using a two-way ANOVA effects test.
RESULTS

Growth characteristics: leaf area, shoot elongation, volume and internode length
Several morphological traits were determined on di-and tetraploid plants of both genotypes at different time points. Although trends seem visible (Table 1) , a two-way ANOVA did not show significant interactions between genotype and ploidy level for elongation rate and shoot volume. In G40 the shoot elongation rate decreased significantly after polyploidization (one-way ANOVA; P < 0.01), but no significant decrease was observed in 'Gala' (Table 1). Also in shoot volume, a significant decrease of over 50% was observed for G40-4x compared to G40-2x (one-way ANOVA; P < 0.05). Again, 'Gala' showed no significant differences between 2x and 4x plants. The internode length was found to be similar between both genotypes and ploidy levels, with no significant effect of neither genotype nor ploidy level. Leaf parameters. Mature leaf area was significantly affected by the interaction between genotype and ploidy (two-way ANOVA; P < 0.05), showing a significant genotype-specific response to the genome doubling (Table 1) . Polyploidization led to a 28% decrease in leaf area for G40, whereas no significant decrease was observed in 'Gala' . On average, leaves were 0.040 mm thicker in tetraploid genotypes compared to their diploid progenitor. For G40 and 'Gala' this represented an increase in thickness of 17 and 20%, respectively (Table 2) . Both genotype and ploidy had significant effects on thickness of the different cell layers, with exception of the abaxial epidermis (two-way ANOVA; P < 0.05). No significant interaction was determined, thus the effect of genotype and ploidy level seemed independent from each other ( Table 2) . For both genotypes, thickness of the different cell layers increased significantly after polyploidization (one-way ANOVA; P < 0.05; Table 2 ). The adaxial epidermis in G40-4x showed a 10% increase compared to its diploid counterpart, while 'Gala'-4x increased 41%. The abaxial epidermis showed a comparable increase of 13% and 7% for both G40-4x and 'Gala'-4x, respectively. For G40, a relatively large increase was observed in both palisade and spongy mesophyll compared to the other layers. For 'Gala' the increase in palisade mesophyll was relatively low, while spongy mesophyll showed a high increase. Both genotypes in their tetraploid form showed a 24% increase in total mesophyll. For both genotypes the density of nuclei in diploid plants was more than double the density observed in tetraploid plants (Table 2) .
After in vitro acclimatization, tetraploid plants exhibited a clearly visible darker leaf coloration w within one genotype one-way ANOVA test (*P ≤ 0.05; **P ≤ 0.01; n = 5-6; ± SE); z two-way ANOVA effect test (*P ≤ 0.05; ** P ≤ 0.01; n = 4; ± SE) 
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Vol. 44, 2017 (2): 55-63 Hort. Sci. (Prague) compared to their diploid progenitors (Fig. 1 ). This colour difference was less visible on older plants, but spectrophotometric analysis still showed a significant difference in the a* and b* indices of the L*a*b*-colour values in both genotypes (one-way ANOVA; P < 0.001; Fig. 2 ), staying in the negative range of these indices this represents a shift in the horizontal a*-b* colour plane from a perceptual light green for the diploid plants to a darker colour for the tetraploid plants for the a* index and from light yellow to darker yellow for the b* index. Also pigment concentration was affected by polyploidization in 'Gala' , but not in G40 ( Fig. 3 ; one-way ANOVA; P < 0.05). Leaf pigment content was also found to be positively correlated with the a* index of the colour measurements (r = 0.72; P < 0.0001; Fig. 4) .
With exception of the stomatal coverage (stomatal area/leaf area) all stomatal properties were between genotype and ploidy occurred for stomatal density and stomatal length (two-way ANOVA; p < 0.01 and P < 0.05 respectively; Table 3 ). The stomatal density for both apple genotypes was significantly lower (one-way ANOVA; P < 0.01) in the tetraploids (Table 3 ). The stomatal area showed a substantial increase in both tetraploids, especially for G40-4x, where the stomatal area doubled (Table 3). Mean stomatal coverage (percentage stomatal area/unit leaf area) was marginally higher for G40-4x compared to the G40-2x plants, but not significant.
DISCUSSION
In our experiments, a comprehensive comparison of different morphological properties of artificially created tetraploid apple plants to their diploid predecessors was performed. Mitotic chromosome doubling of the diploid genotypes 'Gala' and G40 resulted in clear physio-and morphological alterations.
Similar changes due to polyploidization were reported in other plants, e.g. leaf colour and anatomy in Citrus spp. (Allario et al. 2011) , leaf anatomy in Lonicera ), cell anatomy in Lolium (Sugiyama 2005) and leaf morphology and colour in Rosa (Kermani et al. 2003) . The variation in leaf colour in our study could be significantly correlated with the pigment concentration per mm² leaf area. Tetraploid plants of both genotypes expressed a higher pigment content, especially for chlorophyll a and b. Since these pigments are known to absorb the blue and red light of the spectrum (French et al. 1956 ), the deeper green colour of the tetraploid plants could be explained at least partially by their higher pigment concentration.
Polyploidy decreased stomatal density and increased guard cell length, width and stomatal area. Stomatal coverage remained similar for both ploidy levels. These observations are in accordance with studies on polyploidy in other plants: e.g. apple (Lespinasse, Noiton 1986; Blanke et al. 1994) , Populus (Cohen et al. 2010) , Citrus spp. (Allario et al. 2011) and Arabidopsis (Del Pozo, RamirezParra 2014). The increase in guard cell length, decrease in stomatal density and increase in overall cell size proves to be strongly correlated with an increase in genome size; this seems to be a general observation in plants (Beaulieu et al. 2008) .
In this study, plant growth was characterized in a non-destructive way by measuring the elongation rates of the main shoot, internode length, mature leaf area and by calculating the stem volume. Both G40-4x and 'Gala'-4x showed a decrease in elongation rate and stem volume compared to their diploid counterparts, while internode length seemed unaffected. The mature leaf area was also significantly lower in G40-4x compared to G40-2x, while 'Gala'-4x and 'Gala'-2x leaves were similar in size. The results suggest that artificial genome doubling of diploid apple genotypes decreased plant vigour. Although polyploidization in plants is often associated with increased vigour, e.g., triploid apples (Sedysheva, Gorbacheva 2013) and hexaploid Hibiscus (Van Laere et al. 2006 , artificial genome doubling is very frequently associated with a decreased growth rate, e.g., in Citrus (Allario et al. 2011; Guerra et al. 2014 ), Spathiphyllum (Van Laere et al. 2011 , Platanus (Liu et al. (Stupar et al. 2007) , and tetraploid Zea mays (Riddle et al. 2006) . Several observations show the increased vigour of triploid apple cultivars (Sedysheva, Gorbacheva 2013) and triploid Zea mays (Riddle et al. 2006 ) over diploids but decreased vigour of higher ploidy levels and own observations of an increased vigour in tetraploid azalea; however, decreased vigour of hexaploids compared to diploids (Eeckhaut et al. 2006) suggests that plant species potentially possess an optimal ploidy degree, below or above which its growth will be reduced. Studies on diploid and polyploid Arabidopsis thaliana indeed indicate that larger cell size due to an increase in DNA content (C-value), does not necessarily result in larger plant size (Comai 2005) . Polyploidy through nuclear enlargement increases the complexity of different processes involved in managing and partitioning of chromosomes and hence can cause alterations in cell division (Comai 2005) . It is also generally assumed that a difference in size over equivalent organs within and among various species is mainly the result of cell density rather than cell volume (Mizukami 2001; Guo et al. 2010; Powell, Lenhard 2012) . As polyploidization increases cell size, decreases cell density and probably increases cell cycle length due to the increased C-value, it is not hard to imagine that growth rate is potentially decreased in cells with a normal or low metabolic rate, and final organ size has the same size or is even smaller.
Observations of this study, where internode length and leaf size seemed unaffected, and for the latter even lower in the G40 genotype, could then be explained in part by the two-fold decrease in cell density observed in the tetraploid plants compared to the diploids. The molecular mechanisms behind this altered cell density are not yet completely understood; Mizukami (2001) proposes that a ploidy-dependent gene-dosage associated or epigenetically modified gene expression can result in an altered cell proliferation and hence influencing meristematic competence and cell density.
In addition to the main effects exerted by polyploidization, significant interactions were also measured between polyploidization and genotype, which suggests that the effect of polyploidization on certain morphological characteristics also depends on the genotype. Results from a study performed on different maize inbred lines using monoploid, diploid, triploid and tetraploid derivatives showed that for 6 of 13 measured morphological characters a significant interaction occurred between inbred line and ploidy level (Riddle et al. 2006) . Our findings partially confirm those of Riddle et al. (2006) who suggest that observed morphological alterations are mainly due to three factors: a common response to ploidy change, a different genetic background and a response to a different ploidy level dependent on genetic background.
In conclusion, 17 morphological characteristics were measured: 5 stomatal characteristics, 6 cell characteristics, 4 growth characteristics, leaf colour and leaf pigment content in the diploid and tetraploid form of 2 apple genotypes. In total, 15 of these properties were significantly affected by ploidy in at least one genotype. Two characteristics, namely internode length and stomatal coverage, were not affected by ploidy in both genotypes. Ten of the 15 properties were altered in both genotypes, mainly due to the effect of ploidy, while for 5 traits a genotype-specific response to polyploidization was observed. These were mainly involved in growth and stomatal characteristics. Based on our observations and other studies, it is suggested that the frequently observed lower growth rate and smaller or unchanged organ size of tetraploids is caused by a decreased cell density, that could be partially compensated by an increased cell volume. The obtained tetraploid genotypes in this study are valuable material to be used in breeding programs to obtain triploid plants.
